Chylous pleural effusion (chylothorax) frequently accompanies lymphatic vessel malformations and other conditions with lymphatic defects. Although retrograde flow of chyle from the thoracic duct is considered a potential mechanism underlying chylothorax in patients and mouse models, the path chyle takes to reach the thoracic cavity is unclear. Herein, we use a novel transgenic mouse model, where doxycycline-induced overexpression of vascular endothelial growth factor (VEGF)-C was driven by the adipocyte-specific promoter adiponectin (ADN), to determine how chylothorax forms. Surprisingly, 100% of adult ADNeVEGF-C mice developed chylothorax within 7 days. Rapid, consistent appearance of chylothorax enabled us to examine the step-by-step development in otherwise normal adult mice. Dynamic imaging with a fluorescent tracer revealed that lymph in the thoracic duct of these mice could enter the thoracic cavity by retrograde flow into enlarged paravertebral lymphatics and subpleural lymphatic plexuses that had incompetent lymphatic valves. Pleural mesothelium overlying the lymphatic plexuses underwent exfoliation that increased during doxycycline exposure. Together, the findings indicate that chylothorax in ADNeVEGF-C mice results from retrograde flow of chyle from the thoracic duct into lymphatic tributaries with defective valves. Chyle extravasates from these plexuses and enters the thoracic cavity through exfoliated regions of the pleural mesothelium. Chylothorax is a pleural effusion in which chyle accumulates in the thoracic cavity. Chyle is the milky fluid rich in triglycerides, proteins, and lymphocytes that originates from lacteals in the small intestine.
1,2 Long-chain triglycerides packed into chylomicrons are taken up by lacteals in villi of the small intestine and transported as chyle through mesenteric lymphatic vessels into the thoracic duct. In healthy adults, chyle from the small intestine and lymph from other parts of the body are transported at rates of up to 4 L a day through the thoracic duct into venous blood at the lymphovenous junction near the left subclavian vein. 3 Chylothorax can result from leakage from the thoracic duct after surgery, trauma, or obstruction by tumors. 4 Chylothorax can also occur spontaneously in newborns, where it is the most common form of pleural effusion, 5 occurring in 1:10,000 to 1:15,000 pregnancies. 6 Congenital chylothorax is found in some children with Noonan, Turner, or Hennekam syndromes, or other malformations involving the lymphatic system. 7e11 Congenital chylothorax has been linked to point mutations of SOX18, CCBE1, ephrin type-B receptor 4, and integrin-a9. 12e15 All of these genes play roles in lymphatic valve formation or lymphangiogenesis in mice. 16e19 Mutant mouse models have proved to be valuable tools for elucidating links between the genetic and pathophysiological basis of lymphatic abnormalities. Such studies have revealed that chylothorax frequently accompanies lymphatic valve defects 18,20e22 and widespread lymphatic malformations in mice. 23e28 Not much is known of how lymphatic malformations and lymphatic valve defects result in chylothorax in patients, but retrograde flow of chyle from the thoracic duct into the chest has been suggested. 29, 30 Consistent with this process, lymphatic valve defects have been reported in conditions where chyle is found in patient sputum. 31 Retrograde flow of chyle from the thoracic duct toward peribronchial lymphatics has also been shown by lymphangiography in patients with plastic bronchitis, where lymph accumulates and forms solid casts in airways. 32 Most of these patients have chylothorax. Retrograde flow of chyle from the thoracic duct has been proposed in mice with chylothorax. 21, 24, 25 However, the underlying mechanism and route of lymph flow into the thoracic cavity has not been determined. Also unknown is how chyle leaves the thoracic duct and enters the thoracic cavity. Most mouse models are limited by the development of chylothorax soon after birth, followed by death soon thereafter. 20, 23, 25, 28 In other models, chylothorax develops later in life but has an unpredictable incidence. 21, 22, 27 We generated mice where vascular endothelial growth factor (VEGF)-C is conditionally overexpressed in adipocytes with the initial intent of determining whether expansion of the lymphatic network in adipose tissue would reduce inflammation and the incidence of metabolic syndrome on a high-fat diet. Unexpectedly, these mice uniformly developed chylothorax, which could be lethal within a week of activation of VEGF-C expression. This model provided the opportunity to learn, step by step, about the pathophysiology of chylothorax associated with lymphatic malformations. We, therefore, sought to determine the time course, route of chyle flow, and abnormalities in the lymphatic vasculature that led to chylothorax. We also sought to learn where chyle leaves lymphatics, crosses the pleural mesothelium, and enters the thorax.
The studies revealed that VEGF-C overexpression in adipocytes led to lymphatic vessel enlargement and loss of competent valves, which enabled retrograde flow of chyle from the thoracic duct into paravertebral lymphatics and adjacent lymphatic plexuses. Chyle extravasated from the plexuses and entered the thoracic cavity, where it resulted in exfoliation of the pleural mesothelium.
Materials and Methods

Generation of Double-and Triple-Transgenic Mice
Adiponectin-rtTA tetOeVEGF-C double-transgenic mice [designated adiponectin (ADN)eVEGF-C mice] were generated by breeding mice of the adiponectin-rtTA driver strain (C57BL/6 background) 33 with mice of the tetOem-VEGF-C responder strain (FVB background). 34 Experiments were performed on mice of F 1 (BL/6 Â FVB) or F 2 (F1 Â FVB) background at 8 to 12 weeks of age. Single transgenic littermates were used as controls. Some transgenic mice were crossed with Prox1egreen fluorescent protein (GFP) mice (FVB background) 35 to make ADNeVEGF-C/Prox1-GFP triple-transgenic mice with green fluorescent lymphatics (F 1 , FVB background). Prox1-GFP þ littermates were used as controls in these experiments. VEGF-C overexpression was induced in transgenic mice by administration of doxycycline (Sigma-Aldrich, St. Louis, MO; 0.075 mg/mL in 5% sucrose) in the drinking water for 7 days, unless otherwise indicated. This protocol was based on initial studies of mice that received doxycycline in concentrations ranging from 0.025 to 0.1 mg/mL in 5% sucrose for 7 days or doxycycline at 0.075 mg/mL for 1 to 7 days. Mice were housed under barrier conditions and were anesthetized by i.m. injection of 87 mg/ kg ketamine and 13 mg/kg xylazine before experimental procedures. All experiments were approved by the Institutional Animal Care and Use Committee of the University of CaliforniaeSan Francisco.
Tissue Preparation and Whole Mount Staining
Tissues were fixed by vascular perfusion of fixative [1% paraformaldehyde in phosphate-buffered saline (PBS); pH 7.4] through the left ventricle for 2 minutes at 120 to 140 mm Hg. Trachea, intestinal mesenteric fat, gonadal fat adjacent to epididymis or uterus, subcutaneous fat near the inguinal lymph node, and dorsal ear skin were prepared as whole mounts for immunofluorescence staining. Primary antibodies, either individually or mixtures of two, were diluted in PBS containing 0.3% Triton X-100, 10% normal serum, and 0.1% sodium azide. Lymphatics were stained for lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1; AngioBio, San Diego, CA; 1:500, rabbit polyclonal 11-034). Adipocytes were stained for perilipin (Abcam, Cambridge, UK; 1:1000, goat polyclonal AB61682; or Fitzgerald, North Acton, MA; 1:500, guinea pig polyclonal 20R-PP004). Lymphatics in Prox1-GFP mice were stained for GFP (Aves Labs, Inc., Tigard, OR; 1:1000, chicken polyclonal GFP-1020). Primary antibodies were detected with species-specific secondary antibodies labeled with Cy3, Alexa Fluor 488, or Cy5 (Jackson ImmunoResearch Laboratories Inc., Westgrove, PA; 1:500). Specimens were examined with a Zeiss Axiophot fluorescence microscope (Zeiss USA, Thornwood, NY) and imaged with an Olympus DP73 video camera (Olympus USA, Center Valley, PA) with CellSens Dimensions version 1.13 (Olympus USA) or Zeiss LSM-510 confocal microscope (Zeiss USA) with AIM 4.0 confocal software (Zeiss USA).
Lymphatics in whole mounts of the chest wall were examined after staining for LYVE-1 or GFP. Primary antibodies were detected by biotinylated speciesespecific secondary antibodies and streptavidin conjugated to horseradish peroxidase (Jackson ImmunoResearch Laboratories Inc.; 1:500) and developed using ImmPACT diaminobenzidine substrate and peroxide (Vector, Burlingame, CA; SK-4103). Specimens were examined with a Zeiss Lumar V12 fluo- Quantitative Real-Time PCR Expression of adiponectin and Vegfc in organs of control mice and ADNeVEGF-C mice after 0.075 mg/mL doxycycline for 7 days was measured by quantitative real-time PCR. Total RNA from ear and trachea was extracted using TRIsure (Bioline, London, UK) with phenol-chloroform, followed by column isolation using a Nucleospin RNA kit (Macherey Nagel, Düren, Germany). Total RNA from adipose tissue was isolated using an RNeasy Lipid Tissue Mini kit (Qiagen, Hilden, Germany), following manufacturer's instructions. cDNA was synthesized from 800 ng total RNA using the High Capacity Reverse Transcription kit (Applied Biosystems, Foster City, CA). Quantitative real-time PCR was performed using the following primer pairs: Vegfc, 5 0 -GAGGT-CAAGGCTTTTGAAGGC-3 0 (forward) and 5 0 -CTGTC-CTGGTATTGAGGGTGG-3 0 (reverse); adiponectin, 5 0 -GG-AGATGCAGGTCTTCTT-3 0 (forward) and 5 0 -CGAA-TGGGTACATTGGGAAC-3 0 (reverse); and 36b4, 5 0 -GGA-CCCGAGAAGACCTCCTT-3 0 (forward) and 5 0 -GCAC-ATCACTCAGAATTTC-3 0 (reverse). The PCRs were set by using 20 ng of template cDNA per reaction and FastStart SYBR Green master mix (Roche, Basel, Switzerland), according to the manufacturer's instructions, and each reaction was run in duplicate in a BIO-RAD C1000 Thermal cycler (Bio-Rad, Hercules, CA), according to standardized protocols.
Gene expression fold changes were calculated using 2 eDDCT method, as described, 36 by first calculating the DCt values by subtracting the Ct values of 36b4 (acidic ribosomal phosphoprotein P0, the internal control) from the Ct values of the target genes (Vegfc or adiponectin), which results in the normalization of target gene values to the internal control for each sample. This was followed by obtaining DDCt values by calculating an average of DCt values from the ear samples of control mice (as this had the lowest levels of Vegfc expression) and then subtracting this value from the individual DCt values, which normalized the DCt values to the average value for normal ear skin. Gene expression fold changes were then determined by calculating 2
eDDCT . This calculation set the control ear levels to 1; gene expression fold changes of other tissues were expressed relative to the control ear values.
Scanning Electron Microscopy
Tissues were fixed by vascular perfusion of fixative (2% glutaraldehyde in 0.1 mol/L phosphate buffer; pH 7.4) through the left ventricle for 2 minutes at 120 to 140 mm Hg. The dorsal half of the chest wall was divided in the midline and prepared as whole mounts. Specimens were removed, fixed for an additional hour (2% glutaraldehyde in 0.1 mol/L phosphate buffer; pH 7.4), immersed in 1% OsO 4 in water for 1 hour, dehydrated in ethanol, critical point dried in liquid carbon dioxide, sputter coated with gold/palladium alloy, and examined with a JEOL NeoScope JCM-5000 scanning electron microscope (SEM; JEOL, Tokyo, Japan).
Measurements Lymphatic Vessel Area Density
The fractional area of lymphatic vessels stained for LYVE-1 immunoreactivity was measured on maximum intensity projections of confocal microscopic image stacks of individual intercartilage rings (tracheal whole mounts) or total adipocyte area (mesenteric fat whole mounts) using ImageJ software version 1.48k (NIH, Bethesda, MD; http://imagej.nih.gov/ij). The area density of lymphatics was calculated as the percentage of total pixels with fluorescence intensity equal to or greater than the threshold value (set at 70 to 100 for different fluorophores, within the fluorescence intensity range of 0 to 255).
Lymphatic Plexus Size
The size of lymphatic plexuses was measured in LYVE-1-horseradish peroxidaseestained whole mounts of the chest wall of control and ADNeVEGF-C mice. Regions of lymphatic plexuses imaged with the fluorescence stereomicroscope were outlined using the ImageJ polygon tool, and the areas were measured.
Mesothelial Exfoliation
Montages were generated from SEM images obtained of the entire pleural surface of the dorsal chest wall of three Figure 1 Lymphangiogenesis and chylothorax in ADNeVEGF-C mice. A: Projections of confocal microscopic image stacks of whole mounts of mesenteric fat, trachea, and ear skin after 0.075 mg/mL doxycycline for 7 days. Lymphatic vessels (LYVE-1; green). Adipocytes (perilipin; red). B: Quantitative real-time PCR of adiponectin expression in organs of control mice and Vegfc in control mice and ADNeVEGF-C mice after 0.075 mg/mL doxycycline for 7 days. DCt values for expression of adiponectin and Vegfc were normalized to values for housekeeping gene 36b4 and then to values for ears of control mice. Black lines, adiponectin means. Red lines, ADNeVEGF-C group means; blue lines, control group means. C: Chyle in thoracic cavity of ADNeVEGF-C mouse on doxycycline for 7 days. D: Chyle volume at days 0, 1, 2, 3, 4, 5, and 7 after start of 0.075 mg/mL doxycycline in drinking water. Red lines indicate chyle volume means. E: Chylothorax was found in 18 (60%) of 30 ADNeVEGF-C mice on doxycycline for 3 days, 16 of which also had chylous ascites, and was found in all 39 ADNeVEGF-C mice on doxycycline for 7 days. Chylous ascites was found in 18 (60%) of 30 mice on doxycycline for 3 days, but in only 1 (<3%) of 39 mice on doxycycline for 7 days. F: Linear regression of lymphatic vessel abundance in trachea and volume of chyle in the thoracic cavity of ADNeVEGF-C mice (n Z 49, R 2 Z 0.778, P Z 0.0001). Mice received 0.025 to 0.1 mg/mL doxycycline for 1 to 7 days. Blue dots are onset controls that received no doxycycline. n Z 45 (D, day 0); n Z 5 (D, day 1); n Z 7 (D, day 2); n Z 30 (D, day 3); n Z 16 (D, day 4); n Z 17 (D, day 5); n Z 41 (D, day 7); n Z 49 ADNeVEGF-C mice (F); n Z 10 control mice (F) *P < 0.05 (adiponectin graph; t-test); y P < 0.05 versus ear and trachea (adiponectin graph; one-way analysis of variance); z P < 0.05
ADNeVEGF-C mice versus controls (Vegfc graph; one-way analysis of variance);
x P < 0.05 versus days 0, 1, and 2; { P < 0.05 versus to day 3 (one-way analysis of variance). Scale bar Z 200 mm (A).
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ADNeVEGF-C mice. Regions lacking mesothelial cells (sites of mesothelial exfoliation) were colored in green (Photoshop, CS6; Adobe, San Jose, CA), measured, and expressed as percentage of total mesothelial surface area. To determine the distribution and amount of mouse-to-mouse colocalization, exfoliated regions in the three mice were aligned using vertebrae and ribs as fiduciary landmarks. Highlighted regions that colocalized in two mice were marked yellow, and regions that colocalized in all three mice were marked red. The same approach was used to determine the location of lymphatic plexuses in three Prox1-GFP control mice.
Analysis of Fluorescent Tracer Leakage from Lymphatics
After anesthesia and vascular perfusion of PBS through the left ventricle for 2 minutes at 120 to 140 mm Hg, organs in the thoracic cavity were removed to expose the thoracic duct, and the abdominal cavity was opened to expose the rostral-most mesenteric lymph node. Two minutes later, 40 mL of a solution containing 1.25 mg/mL rhodamine-labeled Ricinus communis agglutinin I (Vector; RL-1082) and 0.9% sodium chloride was injected into a mesenteric lymph node through a 27-gauge butterfly needle with 8-inch tubing (Abbott Laboratories, Lake Bluff, IL) at 40 to 50 mm Hg. Pressure was controlled using a sphygmomanometer attached to the tubing via a water-filled 1-L aspirator bottle. Time-lapse video images of fluorescent tracer flow through the thoracic duct and adjacent lymphatics and sites of extravasation were recorded with the AxioCam MRm monochrome camera on the fluorescence stereomicroscope.
To determine the amount of colocalization of the tracer with lymphatics, the chest wall was subsequently removed, fixed for 1 hour (1% paraformaldehyde in PBS; pH 7.4), and stained for LYVE-1 or GFP. Images of the fluorescent tracer and LYVE-1 or GFP immunoreactive lymphatics were superimposed and regions of colocalization identified.
Intrathoracic Injection of Chyle
Wild-type littermates were shaved over the chest and anesthetized using isoflurane. A 27-gauge 3/8-inch butterfly needle bent at a 90-degree angle was inserted into the thoracic cavity adjacent to the right side of the sternum at the level of the fourth rib, and 500 mL of chyle or PBS was injected. Chyle was obtained by thoracentesis from ADNeVEGF-C mice 5 days after the onset of doxycycline (0.075 mg/mL). Twentyfour hours later, mice were euthanized, pleural fluid, if present, was withdrawn and measured, tissues were fixed by vascular perfusion, and the chest wall was prepared for SEM.
Statistical Analysis
Data are presented as dot plots with means or as bar graphs showing means AE SEM. Differences were assessed by twotailed t-test or one-way analysis of variance, followed by the Bonferroni test for multiple comparisons. The correlation between lymphatic vessel area density and volume of chyle in the thoracic cavity was assessed by linear regression. P < 0.05 was considered statistically significant. All statistical tests were performed with Prism 6 (GraphPad, La Jolla, CA).
Results
Lymphangiogenesis and Chylothorax in ADNeVEGF-C Mice
TetOeVEGF-C responder mice were bred with mice expressing the rtTA-transgene under the adipocyte-specific ADN promoter with the intent of promoting lymphatic vessel growth in adipose tissue, which usually has few lymphatics. 37 Exposure of adiponectin-rtTA tetOeVEGF-C double-transgenic mice (ADNeVEGF-C mice) to doxycycline was followed by overexpression of VEGF-C in adipocytes and extensive lymphangiogenesis in mesenteric fat ( Figure 1A ). Lymphatic growth was more modest in gonadal and subcutaneous fat (data not shown). Robust lymphangiogenesis was also found in the trachea, where adipocytes were scattered in intercartilage regions, but not in ear skin, despite the presence of adipocytes ( Figure 1A) .
Assessment of adiponectin mRNA in organs of wild-type mice revealed that adiponectin expression in tracheas was 4.8 times the value in ears. Adiponectin mRNA levels in gonadal, subcutaneous, and mesenteric adipose tissues were 340 to 400 times the values in the ear ( Figure 1B) . Consistent with these differences, Vegfc mRNA levels in ADNeVEGF-C mice were slightly higher in the trachea than in the ear and were highest in adipose tissue ( Figure 1B) . Vegfc expression in all organs of ADNeVEGF-C mice was higher than in corresponding organs of control littermates, but considerable variability was found among mice ( Figure 1B) .
Adult ADNeVEGF-C mice rapidly developed chylothorax while receiving doxycycline for 3 days or more ( Figure 1C) . To characterize the chylothorax in ADNeVEGF-C mice, doxycycline treatment regimens were compared to determine a dose and duration that consistently resulted in chylothorax and was compatible with survival. It was found that 8-to 12-week-old mice given 0.075 mg/mL doxycycline in the drinking water for 7 days uniformly developed chylothorax ( Figure 1D ). Chyle was first detected in the thoracic cavity on day 3, when it was found in 60% of mice. By day 7, all mice had chylothorax (mean chyle volume, 1243 AE 304 mL) ( Figure 1D ). The overall mortality of ADNeVEGF-C mice on doxycycline was 23% by day 7 (n Z 75 mice).
Chylous ascites was found in 60% of ADNeVEGF-C mice on day 3; 16 of 18 mice with chylous ascites also had chylothorax at 3 days. After doxycycline for 7 days, all mice had chylothorax, but only 1 (<3%) of 39 mice had chylous ascites ( Figure 1E ). ajp.amjpathol.org -The American Journal of Pathology
To determine whether the amount of chylothorax corresponded with the extent of lymphatic vessel growth, we compared the volume of chyle with the abundance of lymphatic vessels in the trachea, which served as an easily quantifiable surrogate for regions containing adipose tissue. This comparison revealed a strongly positive correlation between the volume of chyle in the thoracic cavity and the density of tracheal lymphatics in mice given doxycycline in concentrations ranging from 0.025 to 0.1 mg/mL for 7 days ( Figure 1F ).
Leakage of Chyle from Tributaries of the Thoracic Duct
To identify the route of chyle flow into the thoracic cavity, rhodamine-labeled Ricinus communis agglutinin I lectin was injected into a mesenteric lymph node as a tracer immediately after euthanasia of ADNeVEGF-C/Prox1-GFP tripletransgenic mice and Prox1-GFP control mice on day 7 after the onset of doxycycline and imaged the thoracic cavity 5 minutes later. In Prox1-GFP control mice, the fluorescent tracer was confined to the thoracic duct (Figure 2A ). By comparison, in ADNeVEGF-C/Prox1-GFP mice, the tracer was found in the thoracic duct, paravertebral lymphatic vessels parallel to the thoracic duct ( Figure 2B ), and the thoracic cavity.
To learn more about the path and dynamics of the tracer entry into the thoracic cavity, time-lapse video images of the thorax during and after the injection were acquired. Unlike the tracer in control mice, which stayed within the thoracic duct ( Figure 3 , A and B, and Supplemental Video S1), the tracer was found in paravertebral lymphatics a few seconds after appearance in the thoracic duct in 26 (90%) of 29 ADNeVEGF-C mice ( Figure 3 , C and D, and Supplemental Video S2). No tracer was found in paravertebral lymphatics of 3 (10%) of 29 ADNeVEGF-C mice. Tracer flow out of the thoracic duct into paravertebral lymphatics was opposite (retrograde) to the normal direction of lymph flow. Tracer beyond the paravertebral lymphatics had a diffuse appearance, consistent with extravasation into the thoracic cavity ( Figure 3C ). These sites were distributed segmentally along the length of the paravertebral lymphatics. To test whether the diffuse tracer was free in the thoracic cavity, images were compared before and after flushing the pleural surface with PBS. Much of the diffuse tracer was washed away, as expected for tracer free in the thoracic cavity ( Figure 3E ), but tracer within lymphatics and interstitium remained ( Figure 3E ).
Coincidence of Leakage and Lymphatic Plexuses
To learn more about the architecture of lymphatics in regions of leakage, whole mounts of the thorax of Prox1-GFP mice stained for GFP by immunohistochemistry were examined. In these mice, lymphatics and lymphatic valves were clearly marked by GFP. Segmental lymphatic plexuses, seemingly identical to lymphatic lacunae, 38 were located in a chain next to and connected to paravertebral lymphatics ( Figure 4A ). Lymphatic valves were present in paravertebral lymphatics ( Figure 4B ) and in lymphatics that connected them to lymphatic plexuses ( Figure 4B ). The polarized structure of valves, the leaflets of which pointed downstream, revealed the direction of normal lymphatic flow, which was from caudal to rostral in paravertebral lymphatics and from lymphatic plexuses into paravertebral lymphatics via small connecting lymphatics. Some superficial lymphatic vessels that connected paravertebral lymphatics to the thoracic duct were found in young Prox1-GFP mice that had little adipose tissue ( Figure 4C ). However, many of these connecting vessels were probably missed because the GFP fluorescence from deeper lymphatics was obscured by overlying tissue ( Figure 4C) .
The location and spacing of lymphatic plexuses in ADNeVEGF-C mice resembled the segmental spacing of leakage sites (Figure 3, C and E) . Superimposition of images of tracer fluorescence at the end of time-lapse videos and corresponding images of LYVE-1 staining of the same specimens revealed the coincidence of lymphatic plexuses and regions of diffuse tracer at leakage sites ( Figure 4D ). Measurements revealed that lymphatic plexuses in mice with chylothorax were significantly larger than the plexuses in Prox1-GFP control mice (Figure 4 , E and F).
Abnormalities of Paravertebral Lymphatics in ADNeVEGF-C Mice
To learn more about lymphatic defects that led to retrograde flow, we compared the paravertebral lymphatic vessels of 
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The American Journal of Pathology -ajp.amjpathol.org (22 seconds), and leakage into the thoracic cavity (45 and 120 seconds). Arrowheads mark diffuse extravasated tracer. D: Fluorescent lectin was confined to thoracic duct (blue), and not present in paravertebral lymphatics, in 100% of six single transgenic control mice, but was found in paravertebral lymphatics (red) within 6 seconds (two frames) after reaching the thoracic duct of 26 (90%) of 29 ADNeVEGF-C mice. E: Images of fluorescent tracer leakage before (left panel, 120 seconds after injection) and after (right panel) PBS wash of pleural surface showing that some tracer was removed (arrowheads), consistent with entry into the thoracic cavity. n Z 6 mice (E). Scale bar Z 2 mm (AeC and E). ajp.amjpathol.org -The American Journal of Pathology ADNeVEGF-C/Prox1-GFP mice and Prox1-GFP control mice in whole mounts stained for GFP ( Figure 5A ). Paravertebral lymphatics in ADNeVEGF-C/Prox1-GFP mice were on average 25% wider than corresponding lymphatics in control mice (98 AE 9 versus 78 AE 11 mm) ( Figure 5B ). Paravertebral lymphatics in ADNeVEGF-C mice also had bud-like outgrowths from the abluminal surface, which were not found in Prox1-GFP control mice ( Figure 5, A and C) . In addition, paravertebral lymphatics of ADNeVEGF-C/ Prox1-GFP mice had 54% fewer lymphatic valves than control mice (1.3 versus 0.6 valves/mm vessel length) ( Figure 5, A and D) . 
Pleural Mesothelial Exfoliation in ADNeVEGF-C Mice with Chylothorax
Fluid and cells in the thoracic cavity normally reach subpleural lymphatics through stomata in the parietal mesothelium and underlying matrix. 39, 40 To explore possible routes for retrograde lymph flow from lymphatic plexuses into the thoracic cavity, we asked whether mesothelial stomata were larger or more numerous in the pleural mesothelium of ADNeVEGF-C mice with chylothorax. The pleural surface is covered by a continuous layer of flat to cuboidal mesothelial cells that are clearly evident by SEM imaging. 41 Paravertebral lymphatics of control mice were located in regions of cuboidal mesothelium, where stomata were most abundant ( Figure 6A ). No stomata were found in more lateral regions covered by flat mesothelial cells ( Figure 6A ). Surprisingly, the pleural surface of ADNeVEGF-C mice after doxycycline for 7 days had large regions devoid of mesothelial cells (sites of mesothelial exfoliation), where the underlying matrix was exposed ( Figure 6B ). The exposed matrix had many openings (foramina) approximately the size of stomata 42 ( Figure 6B ). A time course study revealed that mesothelial cell exfoliation was first evident on day 3 of doxycycline, which coincided with the first detection of chylothorax ( Figure 1D and Figure 6C ). The amount of exfoliation increased from 2.3% of the parietal pleural surface on day 3, to 8.6% on day 5, and to 12.8% on day 7 ( Figure 6C ). The distribution of mesothelial exfoliation over the pleural surface of the dorsal chest wall of three ADNeVEGF-C mice on doxycycline for 3 days was determined from SEM images (Materials and Methods). The distribution of lymphatic plexuses was similarly determined from stereomicroscopic images of Prox1-GFP control mice. This approach revealed that exfoliation was largely restricted to two regions of the dorsal surface of the chest wall, one aligned with paravertebral lymphatic plexuses and the other in a parallel but more lateral location ( Figure 6 , D and E). The location and coincidence of the regions with the distribution of lymphatic plexuses was more distinct on days 5 and 7 ( Figure 6 , D and E).
To determine whether the presence of chyle in the thoracic cavity can directly lead to exfoliation of pleural mesothelial cells, we injected 500 mL of PBS or chyle, aspirated from the thorax of ADNeVEGF-C mice after 5 days of doxycycline, into the pleural space of anesthetized Prox1-GFP control mice. The pleural surface was examined by SEM 24 hours later. Exfoliation of pleural mesothelium was detected in one of the three mice that received chyle but in none of the three mice injected with PBS ( Figure 6F) . No chyle or PBS was detected in the thoracic cavity of any mice at 24 hours after the injection, consistent with fluid removal by pleural lymphatics.
Discussion
Our goal was to use newly generated ADNeVEGF-C mice to determine how lymphatic abnormalities result in chylothorax. In these mice, VEGF-C was overexpressed in adipocytes after doxycycline exposure. As expected, the mice had lymphangiogenesis in adipose tissue, but unexpectedly they rapidly and consistently developed chylothorax that could be lethal. Real-time imaging revealed that a fluorescent tracer, which was normally confined to the thoracic duct, flowed retrograde from the thoracic duct into enlarged paravertebral lymphatics with fewer valves and from there into expanded lymphatic plexuses. The tracer extravasated from the lymphatic plexuses, traversed exfoliated regions of pleural mesothelium, and entered the thoracic cavity.
Chylothorax occurs in many mouse models that have lymphatic vessel malformations and defective lymphatic valves. 18,20e28,43 These include mice with mutations in ephrinB2/ephrin type-B receptor 4 signaling or integrin a 9 that correspond to human lymphatic defects accompanied by chylothorax or hydrops fetalis. 14, 15, 19, 20, 24 Retrograde flow has been proposed as a mechanism of chylothorax in some mutant mice. 21, 24, 25, 43 However, limited information has been obtained to link the lymphatic abnormalities to chylothorax. Among the challenges, chylothorax is difficult to study because it is unpredictable or occurs during the neonatal period and is soon followed by death. Because VEGF-C expression in ADNeVEGF-C mice could be controlled by adjusting the doxycycline concentration and duration, we were able to develop a protocol in which chylothorax developed rapidly and consistently in otherwise normal adult mice. This approach excluded developmental abnormalities in the lymphatic vasculature and enabled the identification of defects in lymphatic vascular architecture and abnormal lymph flow patterns.
We used time-lapse fluorescence stereomicroscopy to follow the direction of flow of fluorescent Ricinus communis agglutinin I lectin tracer visible in the opened chest after controlled injection into a mesenteric lymph node immediately after euthanasia. This approach enabled us to follow the flow anterograde (normal) into the thoracic duct and retrograde (abnormal) into paravertebral lymphatics and the thoracic cavity under conditions that are not currently possible in living mice. Injections were made with standardized pressure and flow for meaningful comparison of ADNeVEGF-C mice to control mice. Lymphatic pumping was not observed and was assumed to make little or no contribution under these conditions. Time-lapse videos of flow patterns revealed that the tracer was confined to the thoracic duct in control mice but flowed from the thoracic duct into paravertebral lymphatics in ADNeVEGF-C mice.
Time-lapse video imaging revealed the presence of the tracer in paravertebral lymphatics a few seconds after it entered the thoracic duct of 26 of 29 ADNeVEGF-C mice on doxycycline for 7 days. Extravasation into the thoracic cavity was also almost immediate. The rapid entry of the tracer into paravertebral lymphatics and the thoracic cavity is consistent with retrograde flow from the thoracic duct. Although connections between the thoracic duct and paravertebral lymphatics were not always visible because of overlying adipose tissue, the almost simultaneous appearance of the tracer in the thoracic duct, paravertebral lymphatics, and thoracic cavity favored direct flow over leakage and reuptake or other routes. Paracrine effects of VEGF-C from adipocytes located near the thoracic duct and adjacent lymphatic vessels are likely to contribute to the development of chylothorax in adult ADNeVEGF-C mice. By comparison, chylothorax has an incidence of only 20% in a model of VEGF-C overexpression driven by the club cell secretory proteinepromoter in airway and lung epithelial cells, even when doxycycline is started at postnatal day 0. 44 Chylothorax does not occur in club cell secretory proteineVEGF-C mice when doxycycline, at >10 times the concentration used for most experiments in the present study, is started after postnatal day 7. 44 Chylothorax is found in many transgenic mice that have abnormalities in lymphatic valves 18,20e22,43 or lymphatic vessels. 23, 26, 27 Our studies of paravertebral lymphatics in ADNeVEGF-C/Prox1-GFP mice revealed fewer valves and other structural abnormalities. Paravertebral lymphatics and the lymphatic plexuses associated with them were enlarged and had bud-like outgrowths, consistent with the mitogenic action of VEGF-C on lymphatic endothelial cells. 45, 46 Lymphatic enlargement due to endothelial cell proliferation has also been reported in RAS p21 protein activator 1eoverexpressing mice that develop chylothorax. 27 Lymphatic enlargement promoted by VEGF-C overexpression could affect valve competence 25 and contribute to chylothorax. However, it does not explain the reduction in lymphatic valve frequency in ADNeVEGF-C mice. Lymphatic endothelial cells covering valves have been reported to have higher VEGF receptor-3 expression. 47 Exaggerated proliferation of these endothelial cells could make valves defective and nonfunctional. As lymph flow is essential for normal valve development and maintenance, 28, 48 disturbed lymph flow in paravertebral lymphatics due to malformed upstream lymphatics could also contribute to valve defects.
Chylous ascites was found in 60% of ADNeVEGF-C mice after doxycycline for 3 days, but was uncommon (<3%) at 7 days when chylothorax was always present. Among the mechanisms that could explain the transient nature of chylous ascites in these mice are maturation of ajp.amjpathol.org -The American Journal of Pathology new mesenteric lymphatics to a less leaky phenotype and changes in hydrostatic forces that favor drainage away from the abdomen into the thoracic duct. In support of the former, brief treatment with adenoviral VEGF-C induces lymphatic vessel leakiness, but the lymphatics become more mature and less leaky over time. 49 Valve incompetence developing in thoracic lymphatics after 3 days of VEGF-C overexpression could favor retrograde drainage of chyle from the thoracic duct into subpleural lymphatics. Factors that contribute to regional differences in lymphatic growth and abnormalities by governing protease processing of VEGF-C to its active form 50,51 also deserve further study in this context.
As subpleural lymphatics are sites of fluid uptake, 38, 52, 53 and endothelial cells of initial lymphatics have more permeable junctions, 54, 55 these lymphatics are the likely preferred sites of extravasation into the chest cavity in the setting of retrograde chyle flow.
Removal of pleural fluid by lymphatic drainage through mesothelial stomata is an important but not the only route of fluid clearance from the thoracic cavity. 39, 40 Fluid can be absorbed by blood vessels of the visceral pleura or taken up by mesothelial cells. Fluid transport through the lymphatic system can increase greatly in conditions of increased pleural fluid load; however, clearance via other routes is considered more constant. 40, 56 Cells and macromolecules are thought to leave the thoracic cavity exclusively through mesothelial stomata and subpleural lymphatics. Chyle could induce exfoliation of the pleural mesothelium in mice with chylothorax by direct toxic effects or otherwise altering the attachment of mesothelial cells. Intrathoracic injection of chyle resulted in mesothelial cell exfoliation, albeit in only one of three mice tested. However, the exposure was brief because no chyle was detected in the chest 1 day after injection, probably because of efficient lymphatic uptake of pleural fluid in these normal mice. In contrast, the loss of mesothelium in ADNeVEGF-C mice with chylothorax reflected sustained exposure over several days.
Thoracic duct lymph contains fatty acids, of which oleic acid and linoleic acid are most abundant. 2 Cytotoxic effects of fatty acids in chyle could contribute to mesothelial exfoliation. Cytotoxic effects of free fatty acids in lymph can suppress lymphocyte responses 60 and kill endothelial cells in vitro. 61 Exfoliation was greatest near lymphatic plexuses. The subpleural matrix exposed by exfoliation of the mesothelium had many round openings, which are called foramina. 42 It is tempting to conclude that these openings align with mesothelial stomata, mark the drainage route for fluid from the thoracic cavity into subpleural lymphatic plexuses, and are preferential sites of mesothelial detachment when lymph flows retrograde into the thoracic cavity.
The functional consequences of retrograde lymphatic flow due to underlying lymphatic vessel abnormalities have been considered for many years in patients with chylothorax. 29, 30 Retrograde chyle flow from the thoracic duct toward peribronchial lymphatics and lung parenchyma is documented by dynamic contrast-enhanced magnetic resonance lymphangiography in 16 of 18 patients with plastic bronchitis after surgical correction of congenital heart disease. 32 Most of these patients had chylothorax. The findings are evidence of retrograde lymph flow in pulmonary lymphatics of patients with chylothorax.
ADNeVEGF-C mice had normal lymphatics until VEGF-C expression was triggered by doxycycline. All changes that led to chylothorax occurred within 7 days. At that time, the mice had conspicuous lymphatic vessel abnormalities. Chylothorax appeared to result primarily from lymphatic enlargement, valve defects, and retrograde flow from the thoracic duct into subpleural lymphatics in the chest wall. Lymphatic valve insufficiency could be a common underlying cause of chylothorax in transgenic mice with lymphatic malformations, even when the genetic abnormality does not directly affect valve development.
From these studies, we conclude that chylothorax in ADNeVEGF-C mice results from retrograde flow of chyle from the thoracic duct into lymphatic plexuses, where it extravasates and enters the thoracic cavity. Retrograde flow is enabled by lymphatic enlargement, deformation, or loss of lymphatic valves, and other lymphatic abnormalities promoted by VEGF-C overexpression. Chyle extravasation from inherently leaky lymphatic plexuses leads to exfoliation of the overlying pleural mesothelium, which could facilitate chyle entry into the thoracic cavity. ajp.amjpathol.org -The American Journal of Pathology
